Herein, methane hydrate formation in silica gel was studied in the temperature and pressure range of 253.1-268.1 K and 4.0-6.0 MPa, respectively. The stability of the hydrate and the morphology of methane hydrate formed in silica gel were analyzed by P-XRD and cryo-SEM technology. An NG t of 0.150 mol mol À1 and the conversion of water to hydrate completely were realized at 253.1 K and 6 MPa. But the fastest NR 120 of 52.96 mol min À1 m À3 and shortest T 90 of 160 min were achieved at 263.1 K and 6 MPa. The NG t of 0.136 and 90.93% water conversion to hydrate were realized at 263.1 K and 6 MPa. The temperature range of 263.1-268.1 K was the optimal temperature for methane hydrate formation and dissolution. From P-XRD patterns and cryo-SEM images, it was confirmed that most of the cubic ice was formed on the silica gel surface and it was metastable. All the silica gel spherical surfaces were covered with intermittent ice particles. Most of the methane hydrate was formed on the interconnection surface between silica gel particles rather than on the single silica gel spherical surface. The methane hydrate formed on the silica gel surface decomposed faster than pure water methane hydrate.
Introduction
Natural gas, compared to coal and oil, is the most effective fossil fuel for use as a fuel to generate power due to its cleanness. In recent years, legislative measures in many countries to reduce the emission of carbon dioxide from coal and oil have been recommended, which further accelerates the utilization of natural gas.
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In addition, the rapid growth of economy and population leads to an increase in energy demand to more than 71% from 2012 to 2040 in non-OECD (Organisation for Economic Co-operation and Development) nations, and to around 18% in OECD nations. 5 In view of the actual oil consumption and the uncertainty of renewable sources, there is an urgent need to nd alternative energy sources which are able to meet these harsh requirements in the next decades. 6 Methane, regarded as a prospective fossil fuel, increases the specic combustion enthalpy and decreases the emission of carbon dioxide upon combustion compared to petroleum, and exists extensively in nature especially the natural gas hydrate. 7 There are two major methods to transport natural gas -via high-pressure pipelines and liqueed natural gas (LNG) vessels.
8 LNG is more economically feasible than pipeline transport for long-distance transport. The non-OECD nations like India, Singapore, South Korea, Japan etc. mainly import natural gas via LNG vessel. It is necessary for them to develop storage technologies for long-term storage. However, LNG is not a good idea for the storage of natural gas in the long term due to the climatic conditions in these nations. Another large-scale natural gas storage method that stores natural gas as the hydrate has recently been gaining signi-cant attention. 9 Takeya et al. [10] [11] [12] [13] [14] have found that the methane hydrate could be preserved for one week at 248 K and 0.1 MPa because of the ice sheet formed around the methane hydrate particles. So the preservation time is longer than that of LNG at 248 K and 0.1 MPa. Natural gas hydrates have another name -"ammable ice", which are ice-like crystalline compounds formed by water molecules and natural gas (mainly CH 4 ) under high pressure and low temperature (e.g. 273.15 K and 2 MPa). 2 The cage frameworks formed from water molecules by hydrogen bonds are lled with the CH 4 molecules under intermolecular forces.
11 Natural gas hydrate could become a potential natural gas storage and transportation method due to its high gas storage value (about 170 v/v 0 ) at moderate storage conditions. 12 In addition, using the hydrate to store and transport natural gas (NGH) is also superior to the other normal technologies, such as compressed natural gas (CNG) and liqueed natural gas (LNG). In general, they demand extremely high pressure and low temperature, respectively. Finally, an increasing number of works have concentrated on how to enhance the rate of natural gas hydrate formation, which is essential to practically make use of NGH. 13, 14 Mandal et al. 15, 16 studied the effect of anionic surfactant on methane hydrate formation. It was found that even though the anionic surfactant could improve the gas uptake, the maximum water conversion to hydrate was only 15.91% and the magnetic stirrer consumed a large amount of energy. The main restrictions of using hydrate to store and transport natural gas are (i) low rate of hydrate formation, (ii) low gas consumed due to the formation of the hydrate on the gas-liquid interface, and (iii) high energy consumption due to stirring. Recently, silica gel as one kind of porous medium has been utilized to enhance the methane hydrate formation rate and to reduce energy consumption, because its high specic pore volume could accommodate a large number of water molecules in the silica gel pore and its huge specic surface area could make water and natural gas have sufficient contact with each other.
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Silica gels with different pore and grain diameters have been studied due to their high porosity which can strengthen the kinetics of hydrate formation at the temperature above 273.1 K. [21] [22] [23] [24] Herein, the contact surface of gas and water molecules increased considerably when the unstirred vessel was used as the crystallizer loaded up with saturated silica gel.
21,23,25 Kang et al. 26 studied the kinetics of methane and carbon dioxide hydrate formation in silica gel pores. The fact that the rates of hydrate formation have a positive correlation with the driving force and little correlation with the pore dimension of the silica gel above 273.1 K has been found.
27-29
Linga et al. 30 studied the potential dependency of the kinetics of hydrate formation on the size of the silica sand bed. They concluded that the size of the silica sand bed should be taken into consideration for modeling the rate of hydrate formation in the silica sand bed. Bagherzadeh et al. 31 investigated the dependency of methane hydrate formation on particle size and initial water saturation in an incompact silica sand bed by using the magnetic resonance imaging technique. They found that the methane hydrate formation in an incompact silica sand bed was heterogeneous, and the nucleation of the hydrate crystals inside the silica sand bed took place at different times and points. Also, the low water content or small particle size would lead to fast hydrate formation in the silica sand bed. Kumar et al. 24 studied the potential dependency of the kinetics of CO 2 gas hydrate formation on the particle sizes of silica gel and the types of surfactants. They found that the higher specic surface area of silica gel resulted in higher normalized rate of hydrate formation and water conversion to hydrate. 24, 32, 33 They also concluded that higher water conversion resulted from better movement of guest molecules in the larger pores of silica gel. Kumar et al. 34 also studied the potential dependency of the kinetics of methane gas hydrate formation on water saturation by using different proportions of clay and silica sand. They concluded that clay decreased the hydrate formation kinetics sharply. The higher water conversion resulted from the lower water content in a single porous medium and its double mixture. Mandal et al. 35 also studied methane hydrate formation and dissociation in the presence of silica sand and bentonite clay. It was found that methane hydrate formation was delayed by the mixture and the induction time was more than 6 hour.
Recently, Liang et al. 36 studied the effect of subcooling on the formation and separation of biogas hydrate at the temperature below ice point in silica gel. They found that the unstable ice contributed to the formation of biogas hydrate, and all the water converted to the hydrate. But the reason why the ice was unstable is unknown. The effect of unstable ice is attractive, because if the bulk ice or ice particles, just like ice in the silica gel, can convert to hydrate completely, the limitations of the hydrate-based technology may be overcome. The diameter of a large cage of sI hydrate was about 0.5 nm.
1 The pore diameter of silica gel was 10 nm, which is a disadvantage for expending cage frameworks in all directions. The position of hydrate formation is unknown in the silica gel. The stability of the hydrate is also unknown in the silica gel. However, it is important for hydrate storage and transport of natural gas. The silica gel was found to increase the hydrate formation equilibrium pressure. 37 Duc et al. 38 had reported that the compressor cost occupied 50-80% of the hydrate-based CO 2 capture in the industry. In order to reduce the operating pressure to medium pressure, the thermodynamic promoters (THF and TBAB) were added in the solution. 22, 39, 40 Though the use of thermodynamic promoters could signicantly reduce the energy arising from the compression of methane, it also sharply reduced the total amount of gas uptake. 22, 39, 40 So we would reduce the temperature below ice point to reduce the energy arising from the compression of methane.
With these questions in mind, herein, to study the effect of unstable ice in silica gel on the kinetics of methane hydrate formation, rstly the pore of silica gel was lled with water and then analyzed by using cryo-SEM at 153 K and room temperature. Then it was analyzed by using P-XRD as the temperature went down from 273.1 to 223.1 K and went up to 273.1 K. Aer that, methane hydrate formation experiment was conducted at different constant temperatures, and the methane hydrate dissolution was carried out through warming the reactor to different temperatures, then methane hydrate formation was carried out through cooling the reactor to 253.1, 258.1 and 263.1 K, respectively. Finally, the methane hydrate dissolution was analyzed by utilizing P-XRD as the temperature went up from 223.1 to 271.1 K to analyze the stability of the methane hydrate. The methane hydrate was also analyzed by utilizing cryo-SEM at a temperature of 153 K to observe the morphology of methane hydrate formed.
Experimental investigation

Materials
The methane gas (99.99%) used in this study was purchased from Shiyuan Gases Co. Ltd. The silica gel particle used in this study was spherical. Its pore diameter was 10 nm and its particle distribution was 40-75 mm. It was supplied by Silicycle Co. (Canada). An elaborate description of the intrinsic properties of the spherical silica gel has been explained in our previous work. 36 Ultrapure water made in our laboratory had a resistivity of 18 mU cm À1 .
Apparatus
An elaborate description of the apparatus used to perform the experiments in this study has been explained in our previous work. 36 Briey, the two main parts of the apparatus were a piston container and a reactor. The volumes of the piston container and reactor were 1165 ml and 505 ml, respectively. The two PT100 temperature sensors with an uncertainty of 0.1 K installed in the reactor were used to measure the gaseous phase and silica gel temperature. One CYB-20S pressure sensor with an uncertainty of 0.02 MPa was installed in the reactor. One temperature sensor and one pressure sensor were installed in the piston container. The pipeline used to connect the reactor and piston container had a tiny volume. All the data were collected 6 times per minute by connecting sensors to the Agilent data acquisition equipment.
Procedures
Silica gel is regarded as a porous medium which not only has huge internal pore spaces but also interstitial pore spaces. It seriously affects the gas uptake calculation. The silica gel has a huge specic surface area, which might affect the water distribution and ice structure. All the problems should be solved before conducting methane hydrate formation.
2.3.1. Preparing pore-saturated silica gel. The silica gel pore might absorb a little water from air. A drying box was used to remove the free water in the silica gel at 373.1 K for 24 hours and the volume of free water removed from silica gel was 1-2% of pore volume. For each experiment, 69.9 AE 0.1 g of silica gel used had the pore volume of 54.4 AE 0.1 ml. The pore-saturated silica gel was obtained by mixing 54.4 AE 0.1 ml of water and 69.9 AE 0.1 g of silica gel. Centrifugation at 3000 rpm for 3 min was used to spread the water homogeneously into the pore. The fact that the water spread homogeneously into the pore has been conrmed in our previous work. was measured by removing water. First of all, 1.000 l water was poured into a 2 l-volume measuring cylinder. The nal liquid surface was at 1.086 l calibration point. Furthermore, 124.0 AE 0.1 g saturated silica gel contained 86 AE 2 ml true volume. The true volume of the saturated silica gel was also measured by swallowing and spitting helium (He), in our previous work.
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The two different measuring methods gave the same result.
2.3.3. Observing methane hydrate and saturated silica gel by utilizing P-XRD and cryo-FE-SEM. An elaborate description of eld emission scanning electron microscopy (Cryo-FE-SEM, Hitachi S-4800) used in this study has been explained in our previous work. 36 To explore the morphology of ice, the frozen silica gel saturated with water was photographed by utilizing cryo-SEM at 153 K and room temperature with a magnication of 1200. To identify the morphology of methane hydrate formed, methane hydrate on the silica gel surface was photographed by utilizing cryo-SEM at 153 K.
An elaborate description of X'pert Highscore Plus (PANalytical) diffractometer used in this study has been explained in our previous work. 36 To explore the ice structure, the silica gel layer with a thickness of 0.3 mm was measured by utilizing P-XRD at temperatures of 223. .0 AE 0.1 g of saturated silica gel was placed into the reactor, followed by sealing the reactor and blowing it with methane gas three times, then evacuating it by utilizing a vacuum pump. Aerward, the piston container was pressurized with adequate methane gas and cooled to the desired temperature. Then the desired mole quantity of methane gas in the reactor was pressurized from the piston container aer opening the valves between them. Finally, the homothermal methane formation experiment was started and the present time was treated as time 0. But in the temperature-fall experiment, rstly, the methane gas was charged into the reactor from the piston container. Then the cooling was started aer the temperatures and pressures of the reactor and the piston container were maintained constant while the present time was treated as time 0. Finally the reactor was heated to the desired temperature for dissolving methane hydrate aer the hydrate formation was completed.
Methodology
2.4.1. The initial amount of methane gas in the reactor. An elaborate description of the calculation used for analyzing the experimental results has been explained in our previous work.
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Here is a brief description.
The initial moles of methane gas in the reactor (n 0 ) were determined by eqn (1):
where n c B is the moles of methane gas in the container (C) before the pressurizing procedure, n c E is the moles of methane gas in the container (C) aer the pressurizing procedure, P c B is the pressure in the container (C) before the pressurizing procedure, P c E is the pressure in the container (C) aer the pressurizing procedure, V c is the volume of the container, R is the universal gas constant, T c B is the temperature in the container (C) before the pressurizing procedure, T c E is the pressure in the container (C) aer the pressurizing procedure, z c B is the compressibility factor in the container (C) before the pressurizing procedure, and z c E is the compressibility factor in the container (C) aer the pressurizing procedure. z c E , the gas compressibility factor, was calculated by the Pitzer correlations. 41 2.4.2. Gas uptake and normalized methane gas uptake. At time t, the moles of the methane gas consumed ((Dn H,Y ) t ) were determined by eqn (3):
At time t, the normalized methane gas uptake (NG t ) was determined by eqn (4):
2.4.3. Water conversion. Water conversion to hydrate (mol%) was determined by eqn (5):
water conversion to hydrateð%Þ
2.4.4. Hydration number. The hydration number was the consumed mole number ratio of gas and water and determined by eqn (6):
hydration number ¼ moles of gas consumed moles of water consumed (6) 2.4.5. Normalized rate of gas consumed. Normalized rate of gas consumed was dened from time 0 to time 120 min and determined by eqn (7):
where NR 120 is the normalized rate of gas consumed from time 0 to time 120 min, n R 120 is the methane gas uptake at time 120 min.
2.4.6. Gas storage capacity. Gas storage capacity with respect to silica gel volume was determined by eqn (8):
where V Si is the volume of silica gel in the system. Gas storage capacity with respect to water volume in the system was determined by eqn (9):
3. Results and discussion
The methane hydrate formation through a constant temperature period
Herein, the CH 4 hydrate formation experiments were carried out in the temperature and pressure range of 253.1-268.1 K and 4.0-6.0 MPa, respectively. Water content in the silica gel pore was 100%, and the water contained was 3.02 mol. The methane gas uptake was 0.448 mol at 5 MPa and 253.1 K. The methane gas uptake was still 0.453 mol when the pressure went up from 5 to 6 MPa at 253.1 K. There was no more methane gas uptake when the pressure went further up or temperature went down, which is not displayed in this article. The maximum biogas uptake was 0.456 mol in our previous work. 36 The hydration number was 6.68. So all the water converted to hydrate at 253.1 K and different original pressures of 6 and 5 MPa. Fig. 1 exhibits the entire P/T-t lines of methane hydrate formation under the two situations mentioned above. The stages of hydrate nucleation and hydrate growth could not be divided. The hydrate was formed immediately when the pressure was higher than equilibrium pressure and the induction time was less than 1 min. The gaseous-phase temperatures rose obviously when the pressurization procedure was completed and dropped rapidly to the desired experimental temperature. The temperature of the silica gel bed rose obviously as well when the pressurization procedure was over. However it declined quickly in the rst 120 min and then slowly down to the desired experimental temperature in the following time due to the heat released during hydrate formation. 49 The pressures declined quickly in the rst 120 min and then slowly reached a plateau aer the temperature curve of the silica gel bed became horizontal, as shown in Fig. 1 . Fig. 2 exhibits the gas uptake curves during methane hydrate formation through constant temperature period. It can be seen from Fig. 2 that the gas uptake at 253.1 K and 5 MPa was equal to that at 253.1 K and 6 MPa. The water conversion to hydrate of 100% was achieved, because the normalized gas uptake approached the ultimate value of 0.174 mol mol À1 in Table 1 and in Fig. 3 at 6 MPa and 253.1 K. 54 It can be seen from 54 Water conversion was improved sharply when the temperature was below the ice point in the silica gel. However, the gas storage capacity with respect to silica gel of 67.50 (V/V 0 ) was relatively low, so the volume of water in the silica gel should be increased to improve the gas storage capacity. It can be seen from Fig. 3 that the more normalized gas uptake, water conversion and gas storage capacity were obtained at lower temperature or higher pressure in advance as the gas uptake went up to the maximum ultimate value.
However, the nal gas uptake at 253.1 K was higher than that at 258.1 K. It was interesting to nd from Fig. 2 and 4 that the rates of gas consumed in the rst 120 min at 253.1 K were slower than that at 258.1 K at the same pressure. The fastest NR 120 of 52.96 mol min À1 m À3 was found at 6 MPa and 263.1 K in Fig. 4 .
The following study found that the cubic ice at 258.1 K was more unstable than the one at 253.1 K. So it may be easier for the metastable cubic ice to transform into the hydrate as the temperature went up from 253.1 to 258.1 K. It can be seen from Fig. 2 The gas uptake curves during hydrate formation through constant temperature period. a The amount of water used for all of the experiments was 54.4 AE 0.1 ml. Standard uncertainties u are u(T) ¼ 0.1 K and u(P) ¼ 4 kPa. b NR 120 is the normalized rate of gas consumed for the rst 120 min. c T 90 is the time required to reach 90 mol% of nal gas uptake. d NG t is the normalized methane gas uptake.
e A hydration number of 6.6814 calculated by Exp. no. 12 was used for the calculation. f GS Si is the gas storage capacity with respect to silica gel volume.
g GS H 2 O is the gas storage capacity with respect to water volume. Fig. 3 The effect of temperature and pressure on water conversion, NG t , GS H 2 O and GS Si . Fig. 3 that the faster NR 120 was obtained at a higher pressure due to the higher driving force for hydrate formation. Another interesting thing is that the normalized gas consumption difference between the experiments conducted at 263.1 and 268.1 K was huge at the same pressure, as seen in Fig. 2 and 3 . The normalized gas consumption difference was up to 0.085 mol mol À1 . The fact that the NR 120 difference between the experiments conducted at 263.1 and 268.1 K was also huge at the same pressure is found from Fig. 4 . The NR 120 difference was up to 33.36 mol min À1 m À3 . There may be a prerequisite of low temperature for the quick formation of methane hydrate on the silica gel surface. To verify the existence of a prerequisite low temperature, the temperature-fall methane hydrate formation experiments were conducted at different initial pressures and different initial and terminative temperatures and then the hydrates were dissolved by raising the temperature. Table 1 exhibits the inuence of temperature and pressure on water conversion, normalized gas uptake, normalized rate of gas consumed and gas storage capacity. It can be found from Table 1 that the normalized rates of gas uptake for the rst 120 min in Exp. no. 7, 8 and 9 were higher than those in Exp. no. 10, 11 and 12, respectively. The fastest NR 120 of 52.96 mol min À1 m À3 and shortest T 90 of 160 min dened as the time needed for the gas consumed to reach 90% of the total gas consumption were found in Exp. no. 6. It could explain why the gas consumption at 6 MPa and 263.1 K was slightly higher than that at 6 MPa and 258.1 K in Fig. 3 . The faster rate of methane hydrate formation was found at higher temperature and constant pressure. The following study found that the cubic ice at 258.1 K was more unstable than that at 253.1 K. So it may be easier for the metastable cubic ice to transform into hydrate as the temperature went up from 253.1 to 258.1 K. It was noted that the rate of hydrate formation increased apparently and the nish time reduced apparently due to the sufficient gas-liquid contact surface formed without stirring. The equilibrium temperature of the pure water methane hydrate was used to calculate the subcooling because the H-L W -V curves for methane hydrate were transferred to low temperature with almost equal temperature at xed pressure in the silica gel and the equilibrium data was insufficient for the 10 nm silica gel saturated with pure water as the temperature went down to ice point in papers in Table 1 . [55] [56] [57] It is found from Table 1 that the lower subcooling resulted in higher normalized gas consumption when the temperature was higher, which was different from the normal rules. For example, even though the subcooling of 14.35 K in Exp. no. 4 was higher than that of 13.65 K in Exp. no. 3, the normalized gas uptake of 0.085 mol mol À1 in Exp. no. 4 was less than that of 0.100 mol mol À1 in Exp. no. 3.
The same rule was discovered when comparing Exp. no. 6 and 9 to Exp. no. 7 and 10, respectively. The reason why the cubic ice became more unstable, which was in favour of hydrate formation as the temperature went up from 253.1 to 268.1 K, could explain the unusual result.
3.2. The temperature-fall methane hydrate formation and the temperature-rise hydrate dissolution Fig. 5 exhibits the curves of gas uptake and gas dissolution relative to temperature during hydrate formation and dissolution, respectively. It can be seen from Fig. 5 that all the hydrate was formed quickly aer the temperature fell down to 263.1 K. But it should also be noted that the hydrate hardly formed before the temperature fell down to 271.1 K. So there must be an optimal temperature depending on the initial pressure between 263.1 and 271.1 K for methane hydrate formation. The temperature range from 263.1 to 268.1 K was the optimal temperature for methane hydrate formation in consideration of gas consumption, which may also be caused by the unstable ice. It was also found from Fig. 5 that the temperature range from 263.1 to 268.1 K was the optimal temperature for methane hydrate dissolution.
Observing metastable ice and methane hydrate
The surfaces of the saturated silica gel and the hydrate formed in the silica gel were observed by using the SEM technique. Fig. 4 The effect of temperature and pressure on NR 120 . Fig. 5 The curves of gas consumption and gas dissolution relative to temperature through temperature-fall and temperature-rise periods, respectively.
Fig . 6A and B exhibit the pictures observed by SEM for the poresaturated silica gel at ambient temperature and at 153 K, respectively. It can be seen from Fig. 6A that no free water was found on the silica gel spherical surface and there was nothing on the interconnection surface. It can be seen from Fig. 6B that the ice particles were not continuous on the silica gel spherical surface and there was nothing on the interconnection surface either. There's a possibility that the number of water molecules was too little to freeze bulk ice on the silica gel spherical surface. Perhaps, the ice particles were formed from the adjacent water. Finally there were many intermittent ice particles on the surface. In the experimental procedure, 69.9 AE 0.1 g of silica gel without water had the macroscopic volume of 150 AE 2 ml and interstitial volume of 64 AE 2 ml. A total of, 54.4 AE 0.1 ml of water spread homogeneously into 69.9 AE 0.1 g of silica gel. The silica gel particle diameter distribution was 40-75 mm. So 1 g silica gel had about 10.7 million spherical silica gel particles and the silica gel spherical surface was about 1214 cm 2 . Also, 1 g silica gel absorbed 0.78 ml water. The 0.78 ml of water was distributed homogeneously on the 1214 cm 2 silica gel spherical surface.
The surface area of 1 ml water was 4.836 cm 2 when the water drop was spherical under the normal circumstances. The 0.78 ml of water could not distribute on the silica gel spherical surface of 1214 cm 2 by itself. So the silica gel spherical surface might destroy the water drop interfacial tension. The distance of water molecules might be extended as the water diffuses on the silica gel spherical surface. The water lm cannot be observed on the silica gel surface in the picture in Fig. 6A , because the state of water maybe near to gas phase. Meanwhile, it is found from Fig. 6B that all silica gel spherical surfaces were covered with intermittent ice particles. It was obviously different from the silica gel spherical surface at ambient temperature. There were so many intermittent ice particles on the surface, which may mean that there was not enough free water on the silica gel surface to freeze bulk ice, so adjacent water molecules gathered together to form ice crystals. It was estimated that the thickness of the water lm will be about 6 mm if all water covered on the silica gel spherical surface. It is found from Fig. 6B that the diameter of an ice particle was about 4 mm. So most of the ice was on the silica gel spherical surface. Fig. 7 exhibits the pictures observed by SEM for methane hydrate generated on the interconnection surface between silica gel particles at 153 K. The hydrate was formed at 5 MPa and 253.1 K. It can be seen from Fig. 7A that most of the silica gel spherical surface was the same as that in Fig. 6A , and there was a lot of solid in the space between the silica gel particles. It was obviously different from Fig. 6B aer forming methane hydrate. Most of the hydrate was formed on the interconnection surface between silica gel particles rather than being spread evenly on the spherical surface, which may also prove that the number of water molecules was too little to form hydrate on the silica gel spherical surface. The number of water molecules on the interconnection surface between silica gel particles may be more than that on the single silica gel surface due to the water distributing homogeneously on the surface. So the interconnection surface between silica gel particles would be an easier place to form hydrate than the single silica gel surface. The rate of methane hydrate formation was slower than that of ice formation. So the methane hydrate rstly formed on the interconnection surface between silica gel particles. Then, most of the metastable ice transferred from the single silica gel surface to the interconnection surface between silica gel particles. Finally, only a little hydrate was formed on the single silica gel surface. It can be seen from Fig. 7B that the methane showed a typical honeycomb network morphology. The P-XRD facility was utilized to survey and analyze the metastable ice structures and hydrate dissolution characteristics below ice point. Fig. 8 2q were assigned to the (100), (002), (101), (102), (110) and (112) crystal planes of hexagonal ice, respectively. [58] [59] [60] We had to note that there was not only one ice structure of Ih formed on the silica gel surface but also ice of Ic. It is found from Fig. 8A that the intensity of the (002) crystal plane was several times higher than that of the (101) crystal plane, which was different from that of the pure hexagonal ice. The intensity of the (002) crystal plane of Ih was less than that of the (101) The ratio of the height of the reection peaks (Ic111) to the height of the reection peaks (Ih101) was near to 1 when there was only hexagonal ice.
9,13 Emov et al. 60 had calculated that the mass percent range of cubic ice was 50-90 wt% when the ratio range of the height of the reection peaks (Ic111) to the height of the reection peaks (Ih101) was 4-6 by using the POWDER CELL program. The ratio of the height of the reection peaks (Ic111) to the height of the reection peaks (Ih101) was about 9.3 in Fig. 8A , so it could be noted that most of the ice was cubic. The ratio of the height of the reection peaks (Ic111) to the height of the reection peaks (Ih101) changed obviously when the temperature changed. It meant that the mass ratio of cubic ice and hexagonal ice was temperature dependent.
It is found from Fig. 8B that the (002)/(111) crystal planes of ice were little and reduced gradually as the temperature went down from 271.1 to 258.1 K because the ice was unstable in the temperature range from 258.1 to 271.1 K. Then the reection of (002)/(111) crystal planes set about strengthening as the temperature went down from 258.1 to 223.1 K and continued to strengthen as the temperature went up from 223.1 to 243.1 K. It meant that the generated ice was more stable at temperature below 253.1 K than at temperature above 258.1 K. Finally, the (002)/(111) crystal planes started reducing because ice became more unstable as the temperature went up from 248.1 to 271.1 K. It was known that the cubic ice was more unstable than hexagonal ice because the hydrogen atoms in each hydrogen bond were not topologically ordered. 65, 66 So the hydrogen bonding between water molecules may become more and more weakened as the temperature went up from 248.1 to 271.1 K. It is known that the crystalline patterns of Ih, Ic and hydrate are different from each other. [58] [59] [60] So the hydrogen bonding of unstable cubic ice may be broken easily for generating the hydrogen bonding of methane hydrate as the ice is transformed into hydrate. So it may be easier for the metastable cubic ice to transform into hydrate as the temperature went up from 253.1 to 271.1 K. (443) crystal planes of sI hydrate. 9, 13, 67 So the silica gel did not change the structure of methane hydrate. It can be seen from Fig. 9 that the sI hydrate hardly dissolved as the temperature went up from 223.1 to 243.1 K. The (321) crystal plane set about reducing as the temperature went up from 243.1 to 253.1 K and disappeared at 258.1 K. It meant that the methane hydrate on the silica gel surface decomposed faster than pure water methane hydrate which decomposed slowly at 263.1 K. 14, 58, 61, 68, 69 It should also be noted that the (002)/(111) crystals of ice did not strengthen when the methane hydrate began to dissolve in the temperature range from 243.1 to 258.1 K. So there was no ice sheet formed around the methane hydrate particles during the process of hydrate decomposition. The ice set about melting as the temperature went up from 258.1 to 271.1 K, which was similar to the result found in Fig. 8 .
However, we had to note that there was a tiny difference between the angles of (002) and (111) crystal planes. It is found from Fig. 9 that the (002) crystal plane at 263.1 K was narrower than that at 258.1 K and also was at the low angle side. A noncubic Bragg peak at 24.2 marked by an asterisk at 258.1 K was associated with the (002) reection of ice Ih. This peak together with the skewness of cubic (111) reection at its higher angle side and of the (220) reection and (311) reection at both sides were indications of deformation faults in the stacking sequence of the ice Ic. The phenomenon above was believed to be an intrinsic property of ice Ic. 59,60,62-64 Kohl et al. 63 also pointed out that amorphous ice was hardly detected, which resulted in the broad (111) reection. But Kohl et al. 63 found that the non-cubic Bragg peak at 23 was associated with the (100) reection of ice Ih in the hexagonal-like stacking faults, which was different from our result. The (100) reection and (101) reection of ice Ih marked by arrows in Fig. 9 were also found at 258.1 K even though they were tiny. So this difference may be caused by the weak reection. In this section, cubic ice was rstly found in the silica gel and it became more unstable as the temperature went up from 253.1 to 271.1 K, which may make methane hydrate being formed easily. The methane hydrate in the silica gel was rstly found to be more unstable than pure water methane hydrate. It was Fig. 9 The typical P-XRD profiles of hydrate formed on the silica gel surface through temperature-rise period.
found that there were many intermittent ice particles on the single silica gel surface and there was nothing on the interconnection surface and most of the methane hydrate was formed on the interconnection surface between silica gel particles. Aer comparing the specic surface area of free water drop to the silica gel spherical specic surface area, we derived that the number of water molecules on the single silica gel spherical surface was less than that on the interconnection surface between silica gel particles where the methane hydrate was preferentially formed.
Conclusions
In this work, methane hydrate formation experiments were carried out at the different constant temperatures of 253.1, 258.1, 263.1 and 268.1 K and the different initial pressure of 4.0, 5.0 and 6.0 MPa, respectively. And then the methane hydrate dissolution was carried out through warming the reactor to 283.1 or 303.1 K. Aer that methane hydrate formation was carried out through cooling the reactor to 253.1, 258.1 and 263.1 K, respectively. Water conversion to hydrate went up from 66.81 to 100 mol% when the temperature went down from 268.1 to 253.1 K at 6 MPa. The fastest NR 120 of 52.96 mol min À1 m À3 and shortest T 90 of 160 min were achieved at 6 MPa and 263.1 K and the water conversion was 90.93 mol%. But there was also a prerequisite low temperature range from 263.1 to 268.1 K for the quick and abundant formation of methane hydrate on the silica gel surface. The methane hydrate dissolved quickly while the temperature was between 263.1 and 268.1 K on the silica gel surface. So the temperature range from 263.1 to 268.1 K was the optimal temperature for methane hydrate formation and dissolution in the 10 nm silica gel. The gas storage capacity with respect to water of 186.12 (V/V 0 ) also approached the ultimate value. It would be practical to use the hydrate-based technology to store and transport natural gas. The hexagonal and cubic ice was formed in the temperature range from 253.1 to 268.1 K on the silica gel surface. The hexagonal and cubic ice became more unstable as the temperature went up from 253.1 to 268.1 K. It may be easier for the metastable cubic ice to convert to methane hydrate, which was more unstable than the pure water methane hydrate. So the normalized rates of gas consumed for the rst 120 min at 258.1 K were higher than those at 253.1 K at the same pressure. The normalized gas consumption was higher at higher temperature at the same or less subcooling due to the more unstable ice at higher temperature.
The entire silica gel spherical surface was covered with intermittent ice particles. There's a possibility that the number of water molecules was too little to freeze bulk ice on the silica gel spherical surface. Most of the hydrate was formed on the interconnection surface between silica gel particles rather than being spread evenly on the single silica gel spherical surface. The number of water molecules on the interconnection surface between silica gel particles may be more than that on the single silica gel surface. So the interconnection surface between silica gel particles was an easier spot to form hydrate than the single silica gel surface. The rate of methane hydrate formation was slower than that of ice formation. So the methane hydrate rstly formed on the interconnection surface between silica gel particles. Then most of the metastable ice transferred from the single silica gel surface to the interconnection surface between silica gel particles. Finally, only a little hydrate formed on the single silica gel surface. The methane hydrate on the silica gel surface decomposed faster than pure water methane hydrate.
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